The present work analyzes the impacts of radiative cooling in three-dimensional high-resolution direct numerical simulations of moist Rayleigh-Bé nard convection. An atmospheric slab is destabilized by imposing a warm, moist lower boundary and a colder, dryer upper boundary. These boundary conditions are chosen such that the atmosphere is relaxed toward a conditionally unstable state in which unsaturated air parcels experience a stable stratification and unsaturated parcels experience an unstable one. Conditionally unstable moist Rayleigh-Bé nard convection in the absence of radiative transfer produces self-aggregated convectively active cloudy regions separated by a quiescent unsaturated environment. Such convection is strongly limited by diffusion and is unable to transport much energy. As radiative cooling partially compensates for the adiabatic warming in the unsaturated environment and destabilizes the lower unsaturated boundary, its inclusion results in a significant enhancement of convective activity and cloud cover. A dry convectively unstable region develops at the lower boundary in a way that is reminiscent of the planetary boundary layer. Convective transport increases through the entire layer, leading to a significant enhancement of the upward transport of energy and water.
Introduction
Moist convection is omnipresent in the atmosphere and spans a wide range of behaviors, including shallow stratocumulus clouds, weakly precipitating clouds, isolated thunderstorms, or organized mesoscale convective systems (Mapes et al. 2006; Stevens 2005) . While numerical models of various kinds have shown some success in reproducing various aspects of these convective systems, a general theory to explain the different transitions between various convective regimes is still lacking. One approach to tackle this problem is to develop an all-encompassing model for atmospheric convection that includes all relevant physics, such as the complex representation for the microphysics, the interactions between condensed phase, and radiation or wind shear. An alternative approach is, instead, to simplify the physical representation and to abstract the complex dynamics from a number of particular processes in order to end with a simplified set of equations, which can then be the subject of a systematic investigation of the parameter space. This is the approach followed through in this paper to analyze the role of radiative cooling in maintaining convection in a conditionally unstable environment.
Conditional instability occurs when an atmospheric layer is stable for the displacement of unsaturated air parcels but unstable for the displacement of saturated air parcels. Under such conditions, regions of clear sky experience an effective stable stratification, which allows for the fast propagation of gravity waves, while convectively unstable clouds may develop once air parcels reach saturation. A critical issue lies in that, while conditional instability is present through large portions of the atmosphere, its presence is in itself insufficient to determine the type of convective regimes. This is due in part to the fact that conditional instability corresponds to a finite amplitude instability: only larger finite perturbations lead to the development of unstable clouds, whereas smaller infinitesimal perturbations leave the system stable at all times. This raises a particular challenge when, instead of considering the development of an initial perturbation, one attempts to determine the type of statistical equilibrium that arises in a convectively unstable atmosphere.
At this point, it is worth stressing the fact that convective instability differs on a fundamental level from the classic convective instability problem such as in Rayleigh-Bénard convection without phase changes (see, e.g., Emanuel 1994; Bodenschatz et al. 2000) . Recently, Pauluis and Schumacher (2011) have shown that conditionally unstable convection differs from its RayleighBénard counterpart in two important ways: the tendency of convection to cluster in turbulent cloudy patches separated by a comparatively quiescent environment, and the fact that the upward energy transport is barely higher than what would be expected from molecular diffusion, even when the Rayleigh number is increased dramatically. This latter finding raises a fundamental question for our understanding of moist convection: how can moist convection contribute significantly to the upward heat transport if it is directly affected by diffusion?
This paper relies on the same model as the one used in Pauluis and Schumacher (2011) to study moist RayleighBénard convection (MRBC). An atmospheric layer is represented as a Boussinesq fluid in which the buoyancy is a nonlinear function of two prognostic variablesnamely, an unsaturated dry buoyancy D and a saturated moist buoyancy M, which can be thought qualitatively as corresponding to the liquid water potential temperature u l 1 and the equivalent potential temperature u e , respectively. An important simplification is made by assuming that the partial derivatives of the equation of state for the buoyancy B can be linearized separately depending on whether an air parcel is saturated. This simplifies the equation of state, which can be expressed as a piecewise linear function of the thermodynamic state variables, while retaining the key physics of phase transition . The model is mathematically equivalent to one used earlier by Bretherton (1987 Bretherton ( , 1988 . One of the main advantages of the MRBC problem is that, owing to its high degree of simplification, its parameter space can be reduced to five nondimensional numbers. This opens the model to a systematic investigation of the parameter space. Currently, the MRBC problem has been used to analyze weakly nonlinear convective regimes (Bretherton 1987 (Bretherton , 1988 , the statistical behavior of stratocumulus convection Weidauer et al. 2010) , the onset of convection at low to intermediate Rayleigh number (Weidauer et al. 2011) , and the conditionally unstable turbulent regime (Pauluis and Schumacher 2011) .
The convective heat transport in MRBC can be characterized through the Nusselt number Nu, defined as the ratio of the vertical transport of heat or buoyancy to the diffusive transport that occurs in the linear equilibrium state. Multiple studies of dry Rayleigh-Bénard convection have shown that, as viscosity decreases, the Nusselt number increases. In the so-called hard turbulent regime of convection, which starts at Rayleigh numbers larger than Ra ; 10 8 , the Nusselt number is supposed to follow a power law scaling Nu ; Ra b . Different theoretical frameworks have proposed scaling exponents between b 5 2 /7 and b 5 1 /3 as discussed in detail in Ahlers et al. (2009) and even of b 5 ½ for the so-called ultimate regime of convection, which is expected to start at Ra ; 10 15 (Kraichnan 1962) . In contrast, Pauluis and Schumacher (2011) postulate that MRBC in the conditionally unstable regime exhibits a finite upper bound on Nusselt number. They argue that a high Nusselt number in MRBC would require a vertical temperature (buoyancy) gradient at the lower boundary that would have to exceed the one associated with a saturated displacement. This would drive the system into the range of absolute stability and thus prevent the development of moist convection. From an atmospheric perspective, this is equivalent to arguing that conditionally unstable convection is limited by the emergence of convective inhibition at the lower boundary. A finite upper bound on the Nusselt number can then be derived by assuming that the vertical temperature (buoyancy) gradient at the lower boundary is equal to the moist adiabatic lapse rate. This hypothesis is confirmed by the numerical simulations presented by Pauluis and Schumacher (2011) . In particular, as the Rayleigh number increases, the turbulent convective aggregates become increasingly smaller, while the unsaturated subsiding regions increase in size. As convection becomes spatially more intermittent and scarce, the total convective transport becomes increasingly weak as viscosity and diffusivity are reduced.
This scenario poses a particular challenge for our understanding of moist convection. Indeed, Pauluis and Schumacher (2011) could only achieve a Rayleigh number of about 4 3 10 6 in cells with aspect ratios up to 64, while atmospheric convection is characterized by a Rayleigh number on the order of Ra ; 10 16 -10 20 . If the hypothesis of Pauluis and Schumacher (2011) is correct, MRBC convection at these Rayleigh numbers would be extremely intermittent and unable to achieve much upward energy transport. This potential discrepancy between atmospheric convection and MRBC can be explained through a phenomenological paradigm for moist convection by Bjerknes (1938) in which the upward mass transport in clouds is balanced by radiatively driven subsidence in the unsaturated environment. In MRBC, there is no radiative cooling and subsidence in the environment is limited by diffusion. Thus, at high Rayleigh number, corresponding to low diffusivity, the convective mass transport becomes increasingly weak.
The purpose of this paper is to test the extent to which the behavior of MRBC is affected by the inclusion of radiative cooling. To study this effect, a very idealized formulation of the radiative cooling is included in the numerical models of Pauluis and Schumacher (2011) , and its impact on convection is investigated systematically. Section 2 discusses the model formulation in more detail and how it relates to atmospheric conditions. Section 3 describes the results from numerical simulations. Section 4 analyzes in more detail the role of radiative cooling in destabilizing the lower unsaturated boundary layer.
Moist Rayleigh-Bé nard convection a. Model equations
First, we provide a brief description of the MRBC problem as derived in Pauluis and Schumacher (2010) . The model itself is mathematically equivalent to the one used in Bretherton (1987 Bretherton ( , 1988 , albeit there are some differences in its mathematical formulation and physical interpretation. First, we consider that the atmosphere can be modeled using the Boussinesq approximation to replace the continuity equation by a nondivergent velocity field. In the Boussinesq framework, the buoyancy field B is defined as
where g is the gravitation acceleration, and a p and a 0 are respectively the specific volumes of the air parcel and of the environment. Under the assumption that cloudy air is in thermodynamic equilibrium, the buoyancy field can be expressed as a nonlinear function of entropy S, total water content q T , and height z; that is,
It is then assumed that the entropy and total water content are conserved following a parcel trajectory, except for a diffusion term with constant diffusivity k:
In doing so, we neglect the internal entropy production due to diffusion and friction heating and exclude the possibility of falling precipitation. A fundamental aspect of the thermodynamics of moist air lies in that saturation produces a discontinuity in the partial derivative of the equation of state (Stevens 2005; Pauluis 2008 ). In Pauluis and Schumacher (2010) , the full nonlinear equation of state for moist air is replaced by a piece linear formulation of the buoyancy. This can be done by introducing the saturated and unsaturated derivatives of the buoyancy:
where the superscripts u and s refer to unsaturated and saturated parcels, respectively. Of course, for moist air these partial derivatives are functions of temperature, pressure, and water content, and an important simplification lies in selecting the specific values for these partial derivatives.
The expression for the piecewise linear equation of state can be further simplified by introducing the saturated and unsaturated buoyancies M and D, which are defined as
with S 0 and q T,0 reference values for the entropy and the total water content, respectively. The buoyancy then can be expressed as
The barometer N 2 s here corresponds to the square of the Brunt-Vä isä lä frequency of a moist adiabatic lapse rate. The moist Boussinesq equations together with the decompositions for D and M read
Here p is the kinematic pressure, n the kinematic viscosity, and k the scalar diffusivity. The set of equations (8)- (12) 
Similar boundary conditions have been used by Kuo (1965) and Bretherton (1987) . In the lateral directions, we apply periodic boundary conditions. These equations form a closed system that describes Rayleigh-Bé nard convection with phase changes. The moist Rayleigh-Bé nard convection problem can be made dimensionless by means of the height H and the characteristic moist buoyancy difference: M 0 2 M H , which leads to the introduction of five nondimensional numbers. As the diffusivities of both buoyancy fields are the same, there is only one Prandtl number, defined as
This problem is also characterized by two Rayleigh numbers, Ra D and Ra M , which quantify the buoyancy driving of the unsaturated and saturated fields D and M:
In the conditionally unstable regime it follows, thus, that Ra D , 0 and Ra M . 0. Two more dimensionless parameters arise from saturation condition (8). As already indicated above, they will prescribe the cloud water content that is held fixed at the top and bottom planes and are given by
With D 0 5 M 0 it follows that there is no cloud water (CW) at z 5 0. Consequently CW 0 5 0. The parameter CW H , 0 stands then for an unsaturated equilibrium, and CW H . 0 for a saturated one. In the latter case, a closed cloud layer is always found in the top fraction of the layer. Consequently, we can explore a three-dimensional parameter space that is spanned by Ra D , Ra M , and CW H for fixed values of CW 0 5 0 and Pr 5 0.7. In addition to the dimensional parameters arising from the physical quantity, Pauluis and Schumacher (2011) also found that the solutions are highly sensitive to the dimensionless aspect ratio given by A 5 L x /H 5 L y /H with small aspect ratio leading to recharge-discharge behavior (Weidauer et al. 2011) , while larger aspect ratio layers produced selfaggregated convection.
b. Radiative cooling in MRBC
Radiative cooling within the troposphere corresponds to a net loss of thermal energy without any change in the composition of moist air. This means that the rate of change of entropy due to the cooling _ S is given by the cooling rate Q divided by the temperature T, that is, _ S 5 Q/T, while the total water content remains unchanged. The definitions (6) and (7) then imply that the rates of change for the dry and moist buoyancies, D and M, are given by
The partial derivatives B
(u)
S and B
(s)
S can be computed directly. They are respectively equal to the dry and moist adiabatic lapse rates, G d and G m (Pauluis 2008) . While radiative cooling affects both buoyancies, the rate of change for D is larger, by a factor between 1 and 2.5, than the one for M.
To include a highly idealized representation of the radiative cooling in the MRBC problem, an additional loss term in the equations for the buoyancy fields is implemented in our model by a simple profile for f(z) 5 sin(pz/H) multiplied by the constants Q rad and Q M rad 5 Q rad /x, which carry the dimension meters per cubic second; that is, the cooling rates are made dimensionless by division with
The ratio x between the rates of change for D and M is equal to the ratio of the dry adiabatic lapse rate to the moist adiabatic lapse rate. For the simulations presented in this paper, we used the value x 5 G d /G m 5 2, which is typical of the lower tropical troposphere. The prognostic equations for D and M thus become
This formulation of radiative cooling is very idealized. By specifying a constant cooling rate as a function of height, we omit here a wide variety of feedbacks between convection and radiation, such as the dependency of emission on temperature, the key contribution of water vapor and condensed water for the emissivity of an air parcel, and the complex interactions between cloud droplets and shortwave radiation. These feedbacks, which are a key aspect of the earth climate, are not accounted for in our very simplified formulation. Our focus here is how the addition of a layer-deep cooling resulting from the emission of infrared radiation by the atmosphere can significantly alter the dynamical behavior of moist convection.
c. Parameter ranges for atmospheric convection
Moist Rayleigh-Bé nard convection is highly idealized in order to facilitate theoretical investigation. The idealizations lie in the use of the Boussinesq approximation and of a simplified equation of state, in the rigid-lid boundary conditions at the top and bottom of the domain, and in the absence of physical processes including radiative transfer, precipitation, reevaporation of rain, and freezing. As such, any comparisons between atmospheric convection and MRBC should be taken with caution. Nevertheless, we discuss here how to relate a given set of atmospheric conditions to the distribution of the dry and moist buoyancies in MRBC as well as the corresponding nondimensional parameters.
We consider first shallow convection over the ocean so that the lower boundary is in thermodynamic equilibrium with the underlying water and therefore at the saturation point. For a given sea surface temperature, we determine the potential temperature u 0 and the (saturated) equivalent potential temperature u e0 of the lower boundary z 5 0. The upper boundary condition can be obtained by specifying the u H and the equivalent potential temperature u eH evaluated at a level z 5 H, which is characteristic of the atmosphere slightly above the planetary boundary layer. The dry and moist buoyancies at the lower boundary can be set arbitrarily to M 0 5 D 0 5 0, consistent with nondimensional cloud water content at the lower boundary; that is, CW 0 5 0. To obtain the value of the dry buoyancy at the upper boundary D H , we compare the buoyancy of an unsaturated parcel with u 5 u H with that of an unsaturated parcel with u 5 u 0 . If the buoyancy is computed in the middle of the layer, this yields
A similar procedure is used to determine the moist buoyancy at the upper boundary M H by computing the buoyancy difference between a saturated parcel with u e 5 u e0 and u e 5 u eH . This can be approximated by taking advantage of the fact that for saturated parcels the partial derivative of the buoyancy B with respect to moist entropy S is given by the moist adiabatic lapse rate G m :
The moist entropy difference between the parcels can be approximated by DS ' C p D lnu e , with C p being the specific heat at constant pressure. This results in
The derivation of MRBC requires a choice for the value of the moist adiabatic lapse rate G m at a specific temperature and pressure to be representative of the moist adiabatic lapse rate through the entire layer. For the practical purpose of comparing the idealized MRBC with an environmental profile, we simply evaluate G m in the middle of the layer. We show in Table 1 the different values obtained for two hypothetical cases corresponding respectively to shallow cumulus and deep convection. The shallow . The two additional nondimensional parameters, the cloud water at the bottom and the top, are CW 0 5 0 and CW H 5 20.605. As the dry Rayleigh number is negative but the moist Rayleigh number is positive, this corresponds to a conditionally unstable condition.
One can also consider an equivalent MRBC case for deep convection by taking an atmospheric slab of 10 km over an ocean at 300 K. As the vertical extent of deep convection is comparable to the scale height of density in the atmosphere, the use of the Boussinesq approximation is not accurate and a model based on the anelastic approximation would be more preferable. With this caveat, we still provide here the magnitude of the dimensionless parameters corresponding to the deep convective regime. The lower boundary condition is thus the same as the shallow convection case, with u 0 5 300 K, q 0 5 0.0223, and u e0 5 357.4 K. For deep convection, we interpret the upper boundary condition in the MRBC as accounting for the exchange of air with an upper tropospheric cirrus layer in which energy is lost due to the emission of infrared radiation and condensed water is removed through precipitation (albeit the MRBC does not include an explicit representation of precipitation, condensed water is removed at the upper boundary For further comparison between atmospheric convection and MRBC with radiative cooling, one can introduce time scales for diffusion, T D ; radiation, T R ; and convection, T C , respectively. They are given by
For shallow convection, the convective time scale is between 10 and 30 min, the radiative time scale is on the order of a few days, and the diffusive time scale is on the order of a century. For deep convection, the convective time scale is approximately one hour, the radiative time scale is on the order of 20-40 days, and the diffusive time scale would be on the order of 10 000 years.
Numerical model and results
The behavior of MRBC with radiative cooling is investigated through a set of numerical simulations. The simple geometry and the applied boundary conditions (periodic and free slip) allow us to use a spectral or pseudospectral method that expands all turbulent fields in Fourier series. In the pseudospectral method volumetric fast Fourier transforms are applied that allow a fast switching between physical and Fourier space in order to evaluate the nonlinear convection terms. The time stepping is done by a second-order integration scheme. The advantage of spectral and pseudospectral methods in comparison to other numerical schemes is that the error in computing spatial derivatives decreases exponentially fast with the grid resolution. This makes the method highly accurate-a property that is important for the analysis of the small-scale turbulence statistics such as dissipation fields. The property results from the advantage of representing spatial derivatives in Fourier space as multiplications with the wavenumber (Ferziger and Peri c 2001) . More details on the implementation of the present pseudospectral model are available in Schumacher (2009) and references therein. Pseudospectral schemes for moist Rayleigh-Bénard convection have been also used by Spyksma et al. (2006) and Spyksma and Bartello (2008) to simulate a whole cumulus cloud on a coarser mesh in a box with periodic sidewalls.
The pseudospectral model here is used to perform direct numerical simulations (DNS) of convection. This means that all the scales of fluid motion down to the Kolomogrov dissipation length are explicitly resolved. Sufficient spectral resolution in a pseudospectral simulation is determined by the product of the maximum wavenumber k max (after a 2 /3 dealiasing) and the smallest turbulence scale h K . It is estimated by the condition (Pope 2000)
Here N x (5N y ) is the number of grid points in x direction, L x the horizontal length of the domain, and
V,t is the Kolmogorov dissipation lengththe smallest eddy size in a turbulent flow. The quantity hi V,t is the volume-time average of the kinetic energy dissipation rate. Figure 1 shows the vertical mean profiles of the kinetic energy dissipation rate. All values are well below an amplitude that would correspond with resolutions k max h K 5 3, which demonstrates that the spectral resolution criterion for DNS is satisfied even when resolved plane by plane with respect to the vertical coordinate z.
In Table 2 , we summarize the parameters of the eight DNS runs that have been conducted for the present work. Two sets of experiments have been performed for different value of the cooling rates and Rayleigh numbers. The first set corresponding to experiments S1 to S6 are performed for an intermediate value of the Rayleigh number, with Ra M 5 3.7 3 10 5 , and the dimensionless radiative cooling rates which vary from 0 to 0.069. The second set of experiments L1 and L2 reproduce the experiments S1 and S2 for a larger Rayleigh number Ra M 5 3.7 3 10 6 and on a larger horizontal domain. The values of the radiative cooling rates were chosen so that the radiation time scale was shorter than the diffusion time scale, but longer than the convective time scale (i.e., T D . T R . T C ), as it is the case in the atmosphere albeit for much larger variations than could be achieved in numerical simulations. The experiments S1 and L1 have no radiative cooling and correspond to some of the simulations analyzed in Pauluis and Schumacher (2011) . Figure 2 shows the liquid water path (LWP) in the simulations S1-S6. In the absence of radiative cooling (case S1), a single convective aggregate can be observed. As the radiative cooling gradually increases, the extent of the convective aggregate increases, to the point where multiple aggregates may appear (cases S2-S3). The case S4 exhibits an interesting transition, with the appearance of isolated convective updrafts outside of the cloud aggregates, which is reminiscent of the transition between convective systems organized in mesoscale clusters and isolated convective systems in tropical deep convection. At larger radiative cooling, as in runs S5 and S6, the cloud area continues to increase. In the final case S6, the cloud cover reaches 99%. In this case the convective activity bears much resemblance to the stratocumulus regime rather than isolated cumulus convection, though the very strong cooling rate in the DNS runs S6 is probably outside the range of atmospheric convection.
a. Cloud cover
2 This increase in cloud cover can be readily explained from a thermodynamic point of view. Indeed, the radiative cooling acts to reduce the energy of the air parcels without altering the FIG. 1. Mean kinetic energy dissipation rate as a function of height z. (top) Runs S1-S6: additionally the value of hi x,y,t is indicated by a horizontal solid line that corresponds with the resolution threshold k max h K 5 3. (bottom) Runs S1, S2, L1, and L2: the corresponding horizontal solid line for the same resolution criterion as in (top) would be at a value of 0.047. water concentration, thus bringing them closer to saturation. Consequently a stronger cooling rate corresponds to an overall colder and cloudier atmosphere as can be confirmed by the analysis of the mean profile in section 3c of this paper.
A similar enhancement of the convective activity with radiative cooling is also apparent in the two simulations at higher Rayleigh number. Figure 3 displays an instantaneous isosurface plot of the moist buoyancy field M for runs L1 in the top figure without cooling and L2 in the bottom figure with cooling. The convective layer in case L1 without cooling is characterized by a localized turbulent patch, associated with a cloud aggregate. The aggregate exhibits multiple convective cells with a strong asymmetry between the ascending and descending branches. The aggregate is surrounded by an ambient and stably stratified environment in which the turbulence level is significantly reduced. The inclusion of radiative cooling alters this situation significantly as seen in the bottom panel of the figure. A large convective aggregate remains present. Its location in Fig. 3 is roughly the same location as for the L1 experiment since both started with the same initial conditions. Several isolated convective updrafts reaching all the way to the upper boundary appear as isolated spikes on the isosurface-a situation similar to run S4 for a higher cooling rate, but a lower Rayleigh number. There is also an overall increase in the turbulence near the lower boundary, as evidenced by the multiple smaller spikes and ridges. The comparison between the two figures thus provides a visual confirmation that the inclusion of the radiative cooling amplifies the overall convective activity, which results both in the development of an active turbulent layer near the lower boundary and in the appearance of isolated convective updrafts across the entire layer.
b. Mean profiles
The increase in radiative cooling also affects the vertical structure of the atmosphere. Figure 4 (top) shows the horizontal mean profile of moist buoyancy hM(z)i where the angle brackets denote an average over horizontal x-y planes and time. The cases without cooling (S1 and L1) exhibit a decrease of M through the entire layer, but remain close to the straight line between M 0 and M H , which indicates an inefficient mixing. In contrast, in the intermediate cooling cases (S4, S5, and L2), there is a layer of nearly uniform moist buoyancy in the upper portion of the domain, albeit sharp gradient remains through the lower part. There is also a sharp increase of the moist buoyancy gradient at the lower and upper boundaries, corresponding to an increase in the diffusive flux of moist buoyancy at the lower and upper boundary and in the convective transport through the entire layer. A midtropospheric minimum in moist buoyancy is also present for intermediate values of the cooling rate, which is similar to the midtropospheric minimum in equivalent potential temperature observed in the tropical atmosphere. As mentioned earlier, the strongest cooling rate in run S6 is most likely outside the realistic range for the earth's atmosphere and leads to a very distinct convective regime and mean profiles.
Figure 4 (middle) shows the horizontal mean profiles of dry buoyancy hD(z)i. The cases without cooling (S1 and L1) are stably stratified for unsaturated parcels through the entire layer. The layer remains stable for unsaturated displacement for weak cooling rates as seen in cases S2 and S3. In contrast, the intermediate cooling cases S4, S5, and L2 shows a weak negative stratification of D near the lower boundary, which indicates that the lower layer is potentially unstable for unsaturated , the values for both buoyancy fields in units of M 0 2 M H , and the cooling rates in units of H/T 3 C . The total integration time T as well as the diffusive time scale T D and the radiative time scale T R are given here in units of a large-scale eddy turnover time T C 5 H/U C , all of which are defined in Eqs. (22)- (24). The buoyancy flux is given in units of U C (M 0 2 M H ). The values of the kinematic viscosity and diffusivities are uniform across the whole grid. Angle brackets indicate an average over volume and time. Instantaneous snapshots of the liquid water path (LWP): a view from the top is always displayed. DNS data are taken from runs S1-S6. The cloud cover takes the values 22% for S1, 34% for S2, 48% for S3, 70% for S4, 92% for S5, and 99% for S6. The minimum of the LWP (dark) is zero, and the maximum (bright) is 0.65 3 (M 0 2 M H )H for all panels.
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displacement. This will be further discussed in section 4. Figure 4 (bottom) shows the horizontal mean profile of buoyancy hB(z)i. Recall that the buoyancy is given by a nonlinear function of M and D that is defined in (8). It is thus related to the mean profiles for the dry and moist buoyancies. In all cases, the mean buoyancy hB(z)i decreases with height. It is also less than the value of the moist buoyancy at the lower boundary. This implies that an air parcel in equilibrium with the surface is positively buoyant through the entire layer and thus has a positive value of the convective available potential energy.
c. Convective transport and velocity fluctuations
The vertical profiles for convective transport are shown in Fig. 5 . The convective transport of moist buoyancy hu z M(z)i is shown in the upper row of Fig. 5 . In the absence of radiative cooling, the convective transport of moist buoyancy is uniformly upward, but is quite weak. When radiative cooling is present, one can observe a net convergence of the moist buoyancy transport through most of the layer, which is necessary to balance the loss by radiation. As the cooling increases, the upward transport intensifies all the way across the entire layer. In fact, the (diffusive) flux of moist buoyancy across the upper boundary increases with existing radiative cooling, except in the strongest cooling case (S6). This occurs despite the fact that the cooling reduces the overall moist buoyancy across the layer and is a direct consequence of the enhancement of the convective activity.
The transport of dry buoyancy hu z D(z)i exhibits a more complex structure (see second row of Fig. 5 ). In the absence of cooling, it is small and negative through the entire layer. However, the intermediate cases show an upward transport of dry buoyancy at low levels. This can be interpreted as a fingerprint of evolving ''dry'' convection resulting from an increasingly unstable stratification at the lower unsaturated boundary. For even larger value of the cooling rate, the flux of dry buoyancy is characterized by an almost antisymmetric profile with respect to the midplane. One observes a strong upward transport from the lower boundary and downward transport from the upper boundary balancing the loss by radiation.
The total water in the MRBC can be retrieved by noticing that Eqs. (6) and (7) imply that the quantity
is proportional to the variation of the total water content. In addition, the quantity xM 2 D is unaffected the radiative cooling [see (18) and (19)], as it is the case for the water content. The flux term hu z [xM(z) 2 D(z)]i is thus proportional to the convective water flux. It is nearly uniform through the layer, except near the upper and lower boundary where the effect of diffusion can be noticed, as shown in Fig. 5 (third row) . The clearest indication of the enhancement of convection by radiative cooling lies in the systematic increase in the upward transport across the entire convective layer. The buoyancy flux hu z B(z)i depends on both the fluxes of dry and moist buoyancies but cannot be determined a priori when the layer is only partially saturated.
3 Radiative cooling leads to an increase in the buoyancy flux across the entire layer, which is a manifestation of the overall increase of the flux of moist buoyancy, and of the emergence of an upward flux of dry buoyancy at the lower boundary (see bottom row of Fig. 5 ). As an increase in the buoyancy fluxes implies an increase in the generation of kinetic energy through the layer, the horizontal and vertical components of the kinetic energy also increase with the radiative cooling rate, as shown in Fig. 6 . Figure 7 displays the vertically averaged value of the three buoyancy fluxes as well as the water flux as a function of the radiative cooling. As noted above, the fluxes for moist buoyancy, buoyancy, and water are upward, while the transport of dry buoyancy is on average downward. This corresponds to a typical subtropical planetary boundary layer, with an upward transport of water and moist static energy, but a downward transport of liquid water potential temperature associated with the entrainment of warm and dry air from the free troposphere. Radiative cooling significantly enhances all these fluxes. In studies of Rayleigh-Bénard convection, it is common to characterize convective transport through a Nusselt number, defined as the ratio of the total buoyancy transport to the diffusive transport in the absence of fluid motion. Because of radiative cooling, the transport for most quantities is not uniform with z. This is not the case for total water transport, which is left unaffected by the radiation. One can define a Nusselt number for the water transport as
Here, we take advantage of the fact that the convective transport vanishes at the lower boundary, so that the flux there is equal solely to its diffusive component. The Nusselt number could be equally evaluated at the upper boundary. The bottom panel shows the Nusselt number as a function of the radiative cooling. As pointed out in Pauluis and Schumacher (2011) , the Nusselt number for moist Rayleigh-Bé nard convection in the absence of radiative cooling is barely larger than unity, indicating that convection is not much more effective than diffusion at transporting energy across the layer. However, once radiation is included, the Nusselt number increases significantly, reaching values that are comparable to that of classic Rayleigh-Bé nard convection for the same Rayleigh number at the highest cooling rates.
Destabilization of the dry boundary layer
The analysis of the mean profile and the buoyancy fluxes reveals that, as the cooling rate increases, a region characterized by a negative vertical gradient for the dry buoyancy and upward dry buoyancy fluxes appears at the lower boundary. The effect of the cooling on the lower boundary is sketched in Fig. 8 . For weak cooling rates, radiation cannot compensate for the adiabatic warming associated with the subsidence in the unsaturated regions, and the lower boundary is characterized by a stably stratified boundary for unsaturated air parcels, while convection is localized within deep convective aggregates (top panel). A strong-enough cooling rate can destabilize the lower unsaturated boundary region and triggers dry Rayleigh-Bé nard convection (middle panel). This dry convection remains localized near the lower boundary as warm dry air above prevents the convective plume from penetrating more deeply in the unsaturated regions. This regime is characterized by the coexistence of both shallow convection, which is vertically confined within a relative thin boundary layer near lower boundary, and layer-deep convection, which is horizontally confined within convective aggregates. Finally, as the radiative cooling is further increased, the shallow boundary layer expends all the way across the atmospheric layer, to the point where it becomes indistinguishable from the deep convection (bottom panel).
To quantify this behavior we proceed as follows. The domain is divided into N b 5 32 3 32 local boxes or pencils. In each of the boxes we determine vertical mean dry buoyancy profile by taking the average over time and horizontal planes in the box. The average in box i is defined as Here, N t is the number of statistically independent samples. The slope of hD(x i , y i , z)i b at z 5 0 allows us to define a local dry Rayleigh number for each box i, which is given by
where
D is a local boundary layer thickness. Its definition is sketched in Fig. 9 . We keep the convention that was mentioned in section 2 for the definition of Ra D and Ra M . In case of a positive slope of the mean buoyancy profile at the bottom plane, which corresponds with stable stratification, the Rayleigh number is negative; in case of a negative slope, the Rayleigh number is positive. The boundary layer thickness is determined as the intersection height of the straight line h(z) 5 D 0 1 › z hD(x i , y i , z 5 0)i b z and the first local maximum or minimum of hD(x i , y i , z)i b . In case of no intersection point inside the layer one takes d 4 /4. In Fig. 10 we display the probability density functions (PDFs) of the local Rayleigh numbers as defined by Eq. (29) for runs S1-S6. Furthermore, we compare runs S2 and L2 in Fig. 11 .
We observe that in the absence of radiative cooling (runs L1 and S1) no positive local Rayleigh number appears. This indicates that the slope of local mean dry buoyancy profiles is positive at the lower boundary. The lower boundary is stably stratified everywhere for unsaturated parcels, and convection can only be initiated through either saturation or wind shear. This situation persists for weak cooling rates (run S2). In the run at the same cooling rate but with a 10 times larger Rayleigh number we see already positive Rayleigh numbers (see Fig. 11 ), indicating that the destabilization of the boundary is at least in part balanced by diffusion. With increasing cooling rate unstable mean profiles are established in an increasing number of boxes as seen for runs S3 and S4. Beyond a certain threshold the dry buoyancy decreases with height over the entire domain, albeit there is significant variability in the magnitude of the vertical gradient. Note that the instability condition for Rayleigh-Bénard convection requires the Rayleigh number to be larger Ra c 5 27p 4 /4. This critical value is indicated by the vertical dashed line in Figs. 10 and 11 and one can note that, while the local Rayleigh number is often positive, it rarely exceeds the critical value. There are several possible explanations for this. First, the local development of convection at the lower boundary does not correspond exactly to the Rayleigh-Bé nard problem due to both the presence of horizontal wind and the absence of a rigid boundary at the top of the boundary layer. Second, condensation can be initiated within the boundary layer, which would increase the buoyancy in the updraft and strengthen the instability. Hence, the analysis of the local dry Rayleigh number indicates that radiation is indeed associated with a development of convectively unstable regions at the lower boundary in a large portion of the domain.
Summary and discussion
The impacts of radiative cooling on conditionally unstable moist Rayleigh-Bé nard convection have been analyzed here. In the absence of radiative cooling, conditionally unstable convection results in self-aggregated convective regimes associated with inefficient mixing and transport across the convective layer. In contrast, the addition of radiative cooling results in a significant enhancement of the convective activity and transport. This behavior can be interpreted in the light of the paradigm for convection that was first stated by Bjerknes (1938) in which radiative cooling is necessary to compensate the adiabatic warming in the unsaturated subsidence regions.
The enhancement of convection by radiative cooling is apparent in various aspects of the simulations, including increase in kinetic energy and cloud cover, weaker vertical gradients within the layer (as well as stronger vertical gradient at the upper and lower boundaries), and stronger convective transport for the various conserved variables and buoyancies. Here, we found it convenient to characterize the convective enhancement in term of a Nusselt number Nu w for the transport of total water, defined as the ratio of the total water transport to the transport that would occur due to diffusion alone. It is found that in the absence of radiative cooling, the Nusselt number is less than 2, indicative of a very weak transport, but it increases to up to 9 in the simulations with strong radiative cooling. It should also be noted that the enhancement of the convective transport by radiative cooling leads to an increase in both the energy and water fluxes at the upper boundary.
Our simulations show that convection under conditionally unstable conditions thus is more directly affected by cooling through the entire layer than by the conditions imposed at the lower and upper boundaries. Our results are in line with the quasi-equilibrium view of convection by Arakawa and Schubert (1974) and Emanuel et al. (1994) in which the intensity of convection is determined primarily by the amount of destabilization through the entire column. While destabilization in our model occurs through an idealized radiative cooling, similar effects could be obtained either by imposing a large-scale ascent through the layer or allowing for the entire layer to gradually warm up. In general, the upward energy and moisture transport in moist convection cannot be solely determined from the boundary conditions alone, but are highly sensitive to radiative cooling and other destabilization mechanisms.
Several of the simulations presented here exhibit a shallow convectively active subcloud layer. This subcloud layer is confined to the lower portion of the domain and is highly reminiscent of the convective planetary boundary layer. In the absence of radiative cooling, subsidence of FIG. 10 . Probability density functions of the local dry Rayleigh number Ra D for runs S1-S6. The corresponding (increasing) cooling rate parameter is also indicated. The vertical dashed line in some of the panels marks Ra c 5 27p 4 /4 for which dry Rayleigh-Bé nard convection becomes linearly unstable. In all cases only the range around Ra D 5 0 is displayed.
warm, dry air stabilizes the lower boundary. Radiative cooling opposes this stabilization and, for a strong-enough cooling, the lower boundary becomes unstable even for unsaturated air parcels. For intermediate value of the cooling rate, convective activity can be categorized between shallow convection, which is omnipresent across the entire domain but limited to the lower portion of the atmosphere, and deep convection, which only occurs within convective aggregates but spans the entire depth of the layer.
The relative impact of convection, radiation, and diffusion can be assessed in terms of their respective time scales T C , T R , and T D , which were defined for our models in (22)-(24). In the atmosphere, the convective time scale would be between 10 min and an hour, the radiative time scale varies from a few days for shallow convection to about 20-40 days for deep convective regimes, and the diffusive time scale is on the order of a century for shallow convection and 10 000 years for deep convection. Qualitatively, the diffusive time scale is always larger by several orders of magnitude than the radiative time scale, which itself is by a factor between 100 and 1000 larger than the convective time scale
In numerical simulations, the portion of the parameter space is strongly limited by the computational resources. In this regard, the ratio of the diffusive time scale to the convective time scale is given by the square root of the moist Rayleigh number T D /T C 5 Ra 1/2
M . This ratio turns out to be slightly less than 600 for the simulations S1-S6 and slightly less than 2000 for the cases L1 and L2. It is thus much less than its atmospheric counterpart, which is a consequence of the fact that only intermediate values of Rayleigh number can be numerically realized. Nevertheless, we believe that our present approach is helpful to unravel the relative importance of different physical processes in the formation and structure of a convection layer. An interesting aspect for future work would be to combine these studies with a Lagrangian tracer analysis in order to understand better the mixing processes in the dry convection region close to the lower boundary and get a deeper insight into the destabilization dynamics.
